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Mesangial cell behavior in a three-dimensional extracellular matrix. To
understand the role of mesangial matrix in regulating responses of
mesangial cells (MCs), particularly as a cause of disease, we examined
the behavior of MCs cultured in a three-dimensional extracellular
matrix (ECM). Mouse and rat MCs were incorporated into ECM
composed of type I collagen gel matrix (CGM) and basement mem-
brane-type gel matrix (BGM), and their shape and proliferation were
assessed. The effect of gel matrix on MC migration was also studied.
MCs exhibited marked elongation and proliferation in CGM, whereas
these behavior were inhibited by increasing the ratio of BGM. Although
CGM allowed MC migration, BGM restricted it to a great extent. To
identify the cause of our findings, we examined the effects of ECM
components in our experimental system. Laminin, fibronectin, type IV
collagen, and heparin-like proteoglycans (heparan sulfate and heparin)
were each mixed separately with CGM at a concentration of 50 gfml
gel. Whereas fibronectin promoted MC elongation and proliferation,
and laminin inhibited MC migration, type IV collagen and heparin-like
proteoglycans inhibited all three activities of MCs. Our findings suggest
that basement membrane-type mesangial matrix is important in regu-
lating the behavior of MCs in vivo.
The extracellular matrix (ECM) can regulate such varied
biological processes as cell shape, proliferation, differentiation,
adhesion, migration, and metabolism. Therefore, the ECM
plays an important role in organisms' development, tissue
repair, and tumorigenesis, as well as the maintenance of tissue
structure and function [1].
As in other bodily organs, mesangial cells (MCs) of the renal
glomeruli are surrounded by an ECM. Ordinarily, this mesan-
gial matrix is of the basement membrane-type composed of type
IV, V, VI collagens, fibronectin, laminin, and proteoglycans
[21. In such a normal environment, MCs show little proliferative
activity [3]. They are minimally extended and localized only
within the mesangial area [4]. However, in diseased glomeruli,
both the mesangial matrix and MCs become altered. The usual
mesangial matrix constituents of affected glomeruli change
qualitatively as well as quantitatively. For example, interstitial-
type collagens, which never exist in normal glomeruli, are
detectable in the mesangium or sclerotic lesions [5—10]. During
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the diseased state, MCs often proliferate actively, then extend
and/or migrate into the capillary wall, resulting in mesangial
interposition [11]. Conceivably, this change of mesangial matrix
constituents closely relates to such abnormal behavior of MCs.
However, few reports have documented the relationship be-
tween MCs and surrounding ECM.
It is known that cultured cells behave differently within ECM
compared to on the surface of ECM [12]. Since MCs are
surrounded by ECM in glomeruli, it is physiologically relevant
to culture MCs within the ECM. Previously, Yaoita reported
that MCs alter their morphology, growth, and proteoglycan
synthesis depending on the type of surrounding ECM in vitro
[131. Thus to clarify the role of ECM in glomerular disease,
we investigated the behavior of MCs cultured in gelled ECM.
Two types of gel matrix were used: interstitial-type (type I)
collagen gel matrix (CGM) and basement membrane-type gel
(Matrigel TM) Basement membrane gel is composed of laminin,
type IV collagen, and heparan sulfate [14] and was used here as
an analogue of the mesangial matrix. Cultured MCs were
incorporated into CGM containing basement membrane gel in
various ratios, and their extension, migration, and proliferation
were assessed. To elucidate the roles of individual mesangial
matrix constituents further, we examined the effects of laminin,
fibronectin, type IV collagen, and heparin-like proteoglycans
(heparan sulfate and heparin) within CGM in our experimental
system. The results emphasize the usefulness of this system in
simulating a physiological environment.
Methods
Cultured mesangial cells (MCs)
MCs were cultured and identified by the method described
before [15]. Female BALB/c mice and Sprague-Dawley (SD)
rats obtained from Charles River Breeding Laboratory (Wil-
mington, Massachusetts, USA) were the sources for glomerular
cells for culture. All mice used were 7 to 13 months old, and all
rats were 5 to 8 months of age when sacrificed. Glomeruli were
isolated from their kidneys by the usual sieving method through
serial steel meshes (60, 200, and 250 grade). These completely
purified glomeruli were collected by a micropipet and used
for primary culture. Dulbecco's Modified Eagle's Medium
(DMEM; GIBCO, Grand Island, New York, USA) supple-
mented with 100 U/mI of penicillin, 100 jsg/ml of streptomycin,
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and 15% fetal calf serum (FCS; Cell Culture Laboratories,
Ohio, USA) was the primary cell culture medium. Outgrowing
cells were passed to subcultures and maintained in 10% FCS/
DMEM. Cells were identified as MCs by their growth pattern,
staining pattern for actin and desmin, and lack of staining for
cytokeratin and factor VIII. We used the mouse MCs between
fifth and thirteenth passages and rat MCs between fifth and
tenth passages. The results were virtically identical for both
species so are not described separately except as noted.
Extracellular matrix (ECM)
Basement Membrane MatrigelTM was purchased from Col-
laborative Research Inc. (Bedford, Massachusetts, USA), fi-
bronectin (porcine) from E.Y Laboratories Inc. (San Mateo,
California, USA), laminin (mouse) from Collaborative Research
Inc., type IV collagen (mouse) from Bethesda Research Labo-
ratories (Gaithersburg, Maryland, USA), and heparin (porcine,
170 USP U/mg) and heparan sulfate (bovine) from Sigma
Chemical Co. (St. Louis, Missouri, USA). Type I collagen
solution was prepared from tails of adult SD rats according to
the method previously described by Enami et al [16]. Briefly,
tendons removed from tails of five rats were sterilized in 70%
ethanol. Collagen was extracted by stirring tendons at 4°C in
sterile 0.1% acetic acid solution (500 ml) for 48 hours. The
resultant solution was centrifuged at 12,000 g for one hour, and
the supernatant was recovered and stored at 4°C as collagen
solution until use. The protein concentration of the collagen
solution was 1.23 mg/mi.
Mesangial cell-populated gel matrix
Collagen gel matrix (CGM) solution was prepared on ice by
mixing three solutions as follows: 1) 7 volumes of collagen
solution; 2) 2 volumes of 5 x concentrated DMEM containing
5 x concentrated antibiotics without NaHCO3; 3) 1 volume of
reconstruction buffer: 0.14 N NaOH-0.26 N NaHCO3. To pre-
pare CGM containing basement membrane gel, basement mem-
brane gel solution and CGM solution were mixed at various
ratios before gelling. To prepare CGM containing other ECM
components, laminin, fibronectin, type IV collagen, heparan
sulfate, and heparin were each added separately to the CGM
solution at a final concentration of 50 pgIm1. The dilution buffer
of each material was used as its control: 0.05 M Tris-HC1 for
fibronectin and laminin; 0.5 M acetic acid for type IV collagen;
DMEM for heparan sulfate; and saline for heparin. These gel
matrix solutions were mixed with MCs, quickly plated into 35
mm dishes or 96-well culture plates and allowed to form a gel by
incubation at 37°C.
Evaluation of MC extension and migration
These various types of gel matrix solution (500 sl) containing
MCs (4 x i04 cells) were plated into 35 mm culture dishes (LUX
tissue culture dish, Nunc. Inc., Naperville, Illinois, USA), and
10% FCS/DMEM was added after gelling. Five days later,
phase-contrast microscopy was performed to examine MC
extension in the gels (Fig. 1A).
To evaluate MC migration into gel matrix, we established the
assay system shown in Figure 1 B. A sterilized polypropylene
ring (7 mm in inner diameter/lO mm in outer diameter) was
attached to the center of each 35 mm culture dish, separating
the dish into two compartments. Each gel matrix solution
(5 1d/dish) without MCs was placed in the center of the inner
area and gelled. MCs suspended in 10% FCS/DMEM (5 X iO
celllml) were explated into the outer area and incubated for two
days to allow MC attachment to the dish. After exchanging the
medium in each outer area, the ring was removed to permit MC
migration toward the central gel area. After 10 days incubation,
the extent of MC migration into the gel matrix was observed by
phase-contrast microscopy. To evaluate this migration quanti-
tatively, we calculated an index. In brief, four axes at 45° angles
to one another were randomly chosen on each gel, and eight
migratory distances (from gel edge to migration front) were
measured along each axis (dl-d8). The means of these values
were compared with those of a control gel after confirming that
both groups of gels were identical in size. The degree of
migration is expressed as a percent. This assay was performed
in triplicate.
Growth response of MCs in gel matrix
Each well of a culture plate (96-well, Corning, New York,
USA) was coated with 50 j.d of each gel matrix solution without
MCs (Fig. 1C). After gelling, 50 .ii of the same gel matrix
solution containing 4 x i03 MCs was overlaid on the basal
layer. After gel formation, 100 tl of 20% FCS/DMEM was
dispensed into each well to adjust the final concentration to 10%
FCS. MCs were precultured for two days, then pulsed with
[3H]-thymidine, 0.1 pCi/well. Three days later, the gel matrix
containing MCs was harvested with extensive washing to
remove all free [3H]-thymidine. The incorporation of thymidine
into MCs was measured by liquid scintillation counter, and the
data subtracted the background were compared with values for
each control. All experiments done were in triplicate or qua-
druplicate.
Statistical analysis
Data were expressed as the means su. A statistical analysis
was performed by Student's r-test.
Results
Differences of MC behavior on the ECM surface and
incorporated into ECM
First, we examined whether the behavior of MCs differs in a
three-dimensional ECM environment compared with that on a
two-dimensional underlying ECM. By phase-contrast micros-
copy, MCs appeared flattened and extended both on a plastic
dish (Fig. 2A) and atop COM (Fig. 2B). However within CGM,
MCs became elongated bipolarly (Fig. 2C). Cell shape and such
cell functions as proliferation and migration are known to be
closely associated [17], and it is possible that MCs incorporated
into an ECM behave differently from those on an underlying
ECM. Therefore, we examined next the differences of MC
growth among these culture conditions (Fig. 3). MCs prolifer-
ated markedly on the plain plastic dish. Comparatively, the
proliferative response was diminished on top of the CGM (33.0
1.4% vs. 100% on a plain dish) and even further within the
CGM (19.9 2.0%). These findings suggest that the ECM
modulates MC behavior differently when the contact is three-
dimensional rather than limited to one surface of each compo-
nent.
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Fig. 1. Schematic representation of assays for mesangial cell (MC) behavior. A. Morphology in gel matrix. Various types of gel matrix solution
(500 p1) containing MCs (4 x i04 cells) were plated into 35 mm culture dishes, and 10% FCS/DMEM was added after gelling. Five days later, MC
extension in the gels was examined by phase-contrast microscopy. B. Migration into gel matrix. I) A sterilized polypropylene ring (7 mm inner
diameter/b mm outer diameter) was attached to the center of each 35 mm culture dish forming two compartments. 2) Each gel matrix solution
(5 p1/dish) without MCs was placed in the center of inner area and gelled. 3) MCs suspended in 10% FCS/DMEM (5 x i0 cell/mi) were expiated
into the outer area and incubated for two days to allow MC attachment to the dish. 4) After exchanging medium in the outer area, the ring was
removed to permit MC migration toward the center gel area. 5) After another 10 days, the distance MCs had moved into the gel matrix was
calculated as the means of migration along dl-d8 viewed by phase-contrast microscopy. The means of these eight values were compared with those
of control and expressed as percentage. This migration assay was performed in triplicate. C. Proliferation in gel matrix. Each well of a culture plate
(96-well) was coated with 50 p1 of gel matrix solution without MCs (basal layer). After gelling, 50 p1 of the same gel matrix solution containing 4
x lO MCs was overlaid on the basal layer. After gel formation, 100 p1 of 20% FCS/DMEM was dispensed into each well to adjust final FCS
concentration to 10%. MCs were precultured for two days, and [3H]-thymidine was pulsed by 0.1 pCi/well. Three days later, gel matrix containing
MCs was harvested and incorporation of thymidine into MCs was measured by liquid scintillation counter.
Alterations of MC behavior depending on the type of gel
matrix
Second, we examined how the shape, growth, and migration
of MCs are altered by the type of surrounding ECM. After
incorporating MCs into CGM and/or basement membrane gel,
their morphological features were observed. Marked extension
of MCs was observed in CGM without basement membrane gel
(Fig. 4A). The extension was restricted in the mixed gel (Fig.
4B), and dramatically inhibited in basement membrane gel (Fig.
4C). In addition, confluent MCs migrated actively into CGM
(Fig. 5A), whereas little penetration into the basement mem-
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Fig. 2. Morphological differences of MCs cultured on a plastic dish and on/in type I collagen gel matrix (CGM). MCs became flattened and
extended both on the dish (A) and on CGM (B), whereas they were bipolarly elongated in CGM (C). (mouse MCs, x 100, phase-contrast
microscopy)
brane gel occurred (Fig. SB). The degree of MC migration into
basement membrane gel was 13.2 8.2% of CGM (Fig. SC).
As described, MCs within CGM proliferate in response to
FCS. Using FCS as a stimulus, we studied the effect of MC
proliferation of surrounding ECM containing varying compo-
nents in differential proportions (Fig. 6). Based on their percent
incorporation of [3H]-thymidine, the growth rate of MCs dimin-
ished as the content of basement membrane gel in the CGM
increased. Compared with 100% CGM, the relative incorpora-
tion of [3H]-thymidine was 43.6 8.4% in 25% basement
membrane gel (BGM)175% CGM, 15.5 1.6% in 50% BGM/
50% CGM, 4.8 1.4% in 75% BGM/25% CGM, and 0.8 0.9%
in 100% BGM. Therefore, the basement membrane gel clearly
restricted all these activities of MC.
Effect of mesangial matrix constituents on the behavior of
MCs
Finally, we examined the effect of relevant ECM components
on MC behavior to identify the constituent responsible for the
restrictive effect. Since laminin, type IV collagen, and heparan
sulfate are known constituents of the basement membrane gel,
these components and heparin as well as fibronectin were each
mixed separately with CGM before gelling at a concentration of
50 g/ml. Morphological features of embedded MCs were
observed after five days incubation. With respect to shape, as
shown in Figure 7, the extension of MCs was enhanced in
fibronectin gel, but inhibited in type IV collagen gel and heparan
sulfate gel, and most effectively in heparin gel. The migration of
MCs (Fig. 8) was also inhibited in laminin gel (71.3 9.1%),
type IV collagen gel (50.9 1.9%), heparan sulfate gel (73.7
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Fig. 3. Different proliferative responses of MCs cultured on a plastic
dish and on/in CGM. Symbols are: (0) on dish; () on gel; (0) in gel.
Incorporation of [3H]-thymidine into MCs cultured on/in CGM was
compared with that on a dish, and expressed as percentage. Prolifera-
tive response of MCs was diminished on COM (33.0 1.4%) and
further diminished in CGM (19.9 2.0%). Data represent mean SE.
(*P < 0.01, mouse MCs)
On On In
dish gel gel
A£
B%r\ Mesan
gi
al
 ce
ll m
ig
ra
tio
n,
 %
 
01
 
-
J 
0 
C)
 
01
 
0 
01
 
0 
I 
I 
I 
I 
-
-
—
—
 
Kitamura et al: Mesangial cell behavior in ECM 657
Fig. 4. Morphologicalfeatures of MCs in gel matrix composed of CGM and/or basement membrane gel matrix (BGM). Composition of gel matrix:
A. 100% CGM—marked extension, B. 50% CGM/50% BGM—restricted extension, C. 100% BGM—dramatically inhibited extension. (mouse MCs,
X 100, Phase-contrast microscopy)
Fig. 5. Type of gel matrix and extent of MC migration. Confluent MCs spread actively into CGM area (A), but limited into BGM (B), that is, 100%
vs. 13.2 8.2% of CGM (C). (mouse MCs, x 100, phase-contrast microscopy)
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Fig. 6. Change of proliferative responses of MCs depending on the
composition of surrounding extracellular matrix. MCs were embedded
in gel matrix composed of CGM and basement membrane gel matrix
(BGM) in various ratios, and their percent incorporation of [3H]-
thymidine in the presence of 10% FCS was shown. Growth responses of
MCs diminished as the content of BGM increased. Each thymidine
incorporation compared with in 100% CGM was: () 0% BGM/l00%
CGM, () 43.6 8.4% in 25% BGM/75% CGM, () 15.5 1.6% in
50% BGM/50% CGM, (D) 4.8 1.4% in 75% BGM/25% CGM, and (•)
0.8 0.9% in 100% BUM. (mouse MCs, mean SE).
8.0%), and hepann gel (33.1 7.6%). Furthermore, MC prolif-
eration (Fig. 9) was stimulated in fibronectin gel (128.9 5.7%),
but inhibited in type IV collagen gel (25.2 1.2%), heparan
sulfate gel (75.5 3.8%), and heparin gel (20.9 0.9%)
compared with each control. Thus, type IV collagen and
heparan sulfate are the constituents most responsible for the
restriction of MC behavior.
Discussion
Unlike cultured MCs, which proliferate actively on a plastic
substratum and synthesize mostly interstitial-type ECM [181,
MCs examined in vivo replicate little and are thought to
synthesize basement membrane-type ECM. The reason for this
discrepancy is unknown, and a new culture system has been
needed that allows MCs to express an in vivo-like phenotype.
As this report explains, MCs behaved differently when cultured
on a plastic dish, on a gel or within a gel. MCs proliferated
markedly on the dish, less well atop a gel and to the least extent
when surrounded by the gel. This gel embedding culture
method may be the most useful environment developed for
inducing and maintaining life-like MCs.
The matrix culture method with type I collagen gel or
basement membrane gel has been used frequently because of its
ability to induce or maintain the differentiated state of many cell
types. For example, culture in collagen gel induces an in
vivo-like phenotype of fibroblasts, sustained growth of mam-
mary epithelial cells, and cystic formation of gallbladder epi-
thelial cells [19—23]. Basement membrane gel can also induce
liver specific gene expression in hepatocytes, germ cell devel-
opment, and peripheral nerve regeneration [24—26]. In the
kidney, glomerular MCs are surrounded by mesangial matrix in
three dimensions. Thus, the gel embedding culture method is
suitable for investigating the interaction between MCs and
ECM.
It is known that surrounding gel matrix modulates MC growth
and proteoglycan synthesis in vitro [13]. We also observed
marked differences of MC behavior in CGM and basement
membrane gels. Mixing both gels revealed the relative stimula-
tory effect of CGM and inhibitory effect of basement membrane
gel on MC extension and proliferation. We further studied the
effect of each gel on the migration of MCs. Although CGM
permitted MC migration, basement membrane gel blocked it to
a great extent. In normal glomeruli, MCs show little prolifera-
tive activity [3]. They are minimally extended and localized
only within the mesangial area [4]. On the contrary, MCs
proliferate and extend and/or migrate into the capillary wall
resulting in interposition during the diseased state [11]. Alter-
ations of MC behavior and mesangial matrix composition occur
concurrently in affected glomeruli. Such evidence and our
findings imply that the three-dimensional environment of a
normal (basement membrane type) mesangial matrix could
restrict MC extension, migration, and proliferation in the
mesangium. The following evidences also support this hypoth-
esis: 1) When the mesangial matrix is destroyed by a proteolytic
enzyme, Habu venom for example, remarkable MC prolifera-
tion is observed following mesangiolysis. This altered MC
behavior lasts until the mesangium is repaired and the mesan-
gial matrix is reconstructed [27]. 2) In glomerular culture, MCs
usually begin outgrowth on days 5 to 7. When isolated glomeruli
are treated with collagenase to degrade their matrix component
before expiating, earlier outgrowth of MCs follows (unpub-
lished observation), suggesting the physiological importance of
glomerular ECM to maintain normal MC behavior as well as
mesangial structure and function.
The final experiments here were to examine the roles of
individual constituents of the basement membrane gel. Lami-
nh fibronectin, type IV collagen, and heparin-like proteogly-
cans (heparan sulfate and heparin) were each mixed separately
with CGM, and their effects on MCs studied. Fibronectin
promoted MC extension and proliferation. Laminin inhibited
MC migration. Type IV collagen, heparan sulfate, and heparin
inhibited all three: extension, migration, and proliferation of
MCs. From our findings, the inhibitory effects of basement
membrane gel are chiefly due to heparan sulfate, and type IV
collagen
Others have reported that heparin-like proteoglycans added
to the culture medium inhibited proliferation and migration of
MCs [28—301. We also observed the inhibitory effects of heparan
sulfate and heparin incorporated into CGM. Although the
mechanism of inhibition is not understood clearly, some possi-
bilities have been postulated. Heparin-like molecules are
known to have the binding capacity of certain growth factors
[31, 32]. Adsorption of serum growth factors by heparin or
heparan sulfate could then cause their inhibitory effects on MC
behavior. Heparin-like proteoglycans are also known to change
the activity of matrix-degrading proteinases such as collagenase
and heparanase [33, 34]. They may regulate MC behavior via
the altered proteinase activity as suggested for other types of
cells [35, 36]. In addition, heparin-like proteoglycans influence
I
C
-D
E
x
0
C0
00.
00C
100
75
50
25
0• II
LN AIk :s FN CIV
H
-'4
Kitamura et al: Mesangial cell behavior in ECM 659
Fig. 7. Morphological features of MCs in CGM containing mesangial matrix constituents. Laminin (LN), fibronectin (FN), type IV collagen(CIV), heparan sulfate (HS), or heparin (H) was added to CGM before gelling at a concentration of 50 sg/ml, and mixed gel matrix was
reconstituted. "C" represents plain CGM. MC extension was enhanced by fibronectin, but inhibited slightly by laminin and progressively more
by type IV collagen, heparan sulfate, and heparin. (rat MCs, x 100, phase-contrast microscopy)
the structural organization of fibrous collagen in the ECM [371. repair process of mesangiolysis [39]. Therefore, type IV colla-
Disruption of collagen fibers is observed in heparin-containing
collagen gel matrix [38]. Consequently the inhibitory effect of
heparin-like proteoglycans on MC behavior may result from
such an alteration of CGM structure.
In our study, type IV collagen incorporated into CGM also
inhibited MC extension, migration, and proliferation, an out-
come never before reported. However, the increase of type IV
collagen parallels the decrease of MC proliferation during the
gen may be a key constituent of the mesangial matrix that
arrests unusual MC behavior. In addition, we observed that the
plastic substratum coated with type IV collagen stimulated MC
proliferation (unpublished data). This observation suggests that
type IV collagen may inhibit MC behavior through interaction
with CGM. ECM components are known to interact with each
other and form a complex structure [1]. Since three-dimensional
interaction among ECM components is also an important factor
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Fig. 8. Effect of mesangial matrix constituents on MC migration. MC
migration was inhibited in laminin (71.3 9.1%), type IV collagen (50.9
1.9%), heparan sulfate (73.7 8.0%), and heparin (33.1 7.6%)-
containing gel. Open column represents each control. (mean SE. *D <
0.05, < 0.01, rat MC5)
for the modulation of MC behavior, the gel matrix culture
described here may be particularly useful for identifying the
mechanism.
MC proliferation and matrix accumulation are the character-
istic features in various glomerular diseases. In these situations,
an increase of fibronectin is frequently observed [40, 411. From
our findings, such an increase of fibronectin in the mesangial
matrix may correlate with the abnormal behavior of MCs.
Furthermore, interstitial-type collagens, which never exist in
normal glomeruli, were also detected in diseased glomeruli
[5—10]. Oomura and colleagues reported a high frequency of
interstitial-type collagen in the mesangium of patients with
membranoproliferative glomerulonephritis, the pathology of
which is characterized by marked MC proliferation and inter-
position [8]. Our present work suggests the possible patholog-
ical roles of interstitial-type collagen on MC extension, migra-
tion, and proliferation in some states of disease. We cannot
explain why amounts of type IV collagen often increase in the
glomeruli during proliferative glomerulonephritis, whereas our
data suggest an anti-proliferative effect of type IV collagen on
MCs. One can postulate that proliferative stimuli overcome the
inhibitory effect of type IV collagen during the course of this
disease. Additionally, Kim and coworkers described the dif-
ferential expression of type IV collagen chains in disease
glomeruli [42]. In the pathological situation, an unusual subtype
of type IV collagen (which differs from the normal subtype in
biological activity and interaction with other matrix compo-
nents) may increase, as a switching of type I collagen subtype is
observed in regenerating tissue [43].
To clarify these questions, further investigation focused on
the three-dimensional interactions between MCs and ECM will
be necessary.
Fig. 9. Effect of mesangial matrix constituents on MC proliferation.
Percent incorporation of [3H1-thymidine in the presence of 10% FCS
was presented. MC proliferation was stimulated in CGM containing
fibronectin (128.9 5.7%), but inhibited in CGM containing type IV
collagen (25.2 1.2%), heparan sulfate (75.5 3.8%), and heparin (20.9
0.9%) compared with each control (open column). (mean SE. <
0.05, 'P < 0.01, rat MCs)
Acknowledgments
This work was presented at the 23rd Annual Meeting of the American
Society of Nephrology, Washington, D.C., December 2—5, 1990. Our
study was performed through Special Coordination Funds of the
Science and Technology Agency of the Japanese Government. We
thank Professor Kazuo Isoda for support. The editorial assistance of
Ms. Phyllis Minick is gratefully acknowledged.
Reprint requests to Masanori Kitamura, M.D., Department of Mo-
lecular Pathology, Tokyo Metropolitan Institute of Gerontology, 35-2
Sakaecho, Itabashi-ku, Tokyo 173, Japan.
References
I. TRELSTAD RL: The Role of Extracellular Matrix in Development.
New York, Alan R. Liss Inc., 1984
2. MICHAEL AF, KIM Y: The glomerular mesangium. Am J Kidney
Dis 12:393—396, 1988
3. PABST R, STERZEL RB: Cell renewal of glomerular cell types in
normal rats. Kidney mt 24:626—631, 1983
4. HEPTINSTALL RH: Pathology of the Kidney, (2nd ed.). Boston,
Little Brown and Company, 1974, pp. 23—26
5. FOELLMER HG, STERZEL RB, KASHGARIAN M: Progressive gb-
merular sclerosis in experimental antiglomerular basement mem-
brane glomerulonephritis. Am J Kidney Dis 7:5—11, 1986
6. FOIDART JM, NOCHY D, NUSGEN B, FOIDART JB, MAH!EU PR,
LAPIERE CM, LAMBOTTE R, BARIETY J: Accumulation of several
basement membrane proteins in glomeruli of patients with pre-
eclampsia and other hypertensive syndromes of pregnancy. Possi-
ble role of renal prostaglandins and fibronectin. Lab In vest 49:250—
259, 1983
7. FUNABIKI K: Immunohistochemical analysis of extracellular com-
ponents on the glomerular sclerosis in patients with glomerulone-
phritis and diabetic nephropathy. Jpn J Nephrol (in Japanese)
31:111—120, 1989
8. OoMua. A, NAKAMURA T, ARAKAWA M, OO5HJMA A, I5EMuRA
M: Alteration in the extracellular matrix components in human
glomerular diseases. Virchow Achiv A 415:151—159, 1989
Kitamura et a!: Mesangial cell behavior in ECM 661
9. STRIKER LM, KILLEN PD, CHI E, STRIKER GE: The composition of
glomeruloscierosis. I. Studies of focal sclerosis, crescentic glomer-
ulonephritis, and membranoproliferative glomerulonephritis. Lab
Invest 51:181—192, 1984
10. Y0sHIOKA K, TAKEMURA T, TOHDA M, AKANO N, MIYAMOTO H,
O05HIMA A, MAKI S: Glomerular localization of type III collagen in
human kidney disease. Kidney mt 35:1203—1211, 1989
11. ARAKAWA M, KIMMELSTIEL P: Circumferential mesangial interpo-
sition. Lab Invest 21:276—284, 1969
12. WATT FM: Cell culture models of differentiation. FASEB J 5:287—
294, 1991
13. YAOITA E: Behavior of rat mesangial cells cultured within extra-
cellular matrix. Lab Invest 61:410—418, 1989
14. KLEINMAN HK, MCGARVEY ML, HASSELL JR, STAR VL, CANNON
FB, LAURIE GW, MARTIN GR: Basement membrane complexes
with biological activity. Biochemistry 25:312—318, 1985
15. KITAMIJRA M, YOSHIDA H, NAGASAWA R, MITARAI T, MARy-
YAMA N, SAKAI 0: Extracellular matrix contraction by cultured
mesangial cells: An assay system for mesangial cell-matrix interac-
tion. Exp Mol Patho! 54: 181—200, 1991
16. ENAMI J, KOEZUKA M, HATA M, KAWAMURA K, TACI-IIBANA Y,
KUSAMA Y, KOGA M: Collagen gel culture method. The Tissue
Culture (in Japanese) (I) 13:26—30, (II) 13:64—68, 1987
17. MADRI JA, PROCTT BM, YANNARIELLO-BROWN J: Matrix-driven
cell size change modulates aortic endothelial cell proliferation and
sheet migration. Am J Pathol 132:18—27, 1988
18. HARALSON MA, JACOBSON HR, HOOVER RL: Collagen polymor-
phism in cultured rat kidney mesangial cells. Lab Invest 57:513—
523, 1987
19. BELL E, IVAR5s0N B, MERRILL C: Production of a tissue-like
structure by contraction of collagen lattices by human fibroblasts of
different proliferative potential in Vitro. Proc Nail Acad Sci USA
76:1274—1278, 1979
20. GALLAGHER JT, GASIUNAS N, SCHOR SL: Specific association of
iduronic acid-rich dermatan sulfate with the extracellular matrix of
human skin fibroblasts cultured on collagen gels. Biochem J 215:
107—116, 1983
21. COULOMB B, DUBERTRET L, BELL E, MERRILL C, FossE M,
BRETON-GORIUS JB, PROST C, TOURAINE R: Endogeneous perox-
idases in normal human dermis: A marker of fibroblast differentia-
tion. JInv Dermatol 81:75—78, 1983
22. YANG J, RICHARDS I, GUZMAN R, IMAGAwA W, NANDI 5:
Sustained growth in primary culture of normal mammary epithelial
cells embedded in collagen gels. Proc Nail Acad Sd USA 77:2088—
2092, 1980
23. KAWAMURA Y, YOSHIDA K, NAKANUMA Y: Primary culture of
rabbit gallbladder epithelial cells in collagen gel matrix. Lab Invest
61:350—356, 1989
24. SCHUETZ EG, Li D, OMIECINSKI CJ, MULLER-EBERHARD U,
KLEINMAN ilK, ELSWICK B, GUZELIAN PS: Regulation of gene
expression in adult rat hepatocytes cultured on a basement mem-
brane matrix. J Cell Physiol 134:309—323, 1988
25. HADLEY MA, BYERS SW, SUAREZ QUIAN CA, KLEINMAN HK,
DYM M: Extracellular matrix regulates Sertoli cell differentiation,
testicular cord formation, and germ cell development in vitro. J Cell
Biol 101:1511—1522, 1985
26. MADISON R, DA SILVA CF, DIKKES P, CHIU TH, SIDMAN RL:
Increase rate of peripheral nerve regeneration using bioresorbable
nerve guides and a laminin-containing gel. Exp Neurol 88:767—772,
1985
27. MORITA T, KIHARA I, OITE T, YAMAMOTO T, SUZUKI Y: Sequen-
tial ultrastructural study of Habu venom-induced glomerular le-
sions. Lab Invest 38:94—102, 1978
28. CASTELLOT JJ, HOOVER RL, HARPER PA, KARNOVSKY MJ: Hep-
arm and glomerular epithelial cell-secreted heparinlike spieces
inhibit mesangial cell proliferation. Am J Pathol 120:427—435, 1985
29. GROGGEL GC, MARINIDES GN, HOVINGH P, HAMMOND E, LINKER
A: Inhibition of rat mesangial cell growth by heparan sulfate. Am J
Physiol 258:F259—F265, 1990
30. PERSON JM, LOVETT DH, RAUGI GJ: Modulation of mesangial cell
migration by extracellular matrix components. Inhibition by hep-
armlike glycosaminoglycans. Am J Pathol 133:609—614, 1988
31. LOBB RR, HARPER JW, FETT JW: Purification of heparin-binding
growth factors. Anal Biochem 154:1—14, 1986
32. FOLKMAN J, KLAGSBRUN M, SASSE J, WADZINSKI M, INGBER D,
VLODAVSKY I: A heparin-binding angiogenic protein—basic fibro-
blast growth factor—is stored within basement membrane. Am J
Pathol 130:393—399, 1988
33. SAKAMOTO 5, GOLDHABER P, GLIMCHER MJ: Mouse bone colla-
genase. The effect of heparin on the amount of enzyme released in
tissue culture and on the activity of the enzyme. Calcif Tissue Res
12:247—258, 1973
34. BAR-NER M, ELD0R A, WASSERMAN L, MATZNER Y, COHEN IR,
FUKS Z, VLODAVSKY I: Inhibition of heparanase-mediated degra-
dation of extracellular matrix heparan sulfate by non-anticoagulant
heparin spieces. Blood 70:551—557, 1987
35. Y, SENSHU M, IWASHITA S, IMAHORI K: Thiol
protease-specific inhibitor E-64 arrests human epidermoid carci-
noma A43 1 cells at mitotic metaphase. Proc Nat! Acad Sci USA
85:146—150, 1988
36. MONTESANO R, PEPPER MS. MOHLE-STEINLEIN U, RISAU W,
WAGNER EF, ORcI L: Increased proteolytic activity is responsible
for the aberrant morphogenetic behavior of endothelial cells ex-
pressing the middle T oncogene. Cell 62:435—445, 1990
37. SCOTT JE: Proteoglycan-fibrillar collagen interactions. Biochem J
252:313—323, 1988
38. GUIDRY C, GRINNELL F: Heparin modulates the organization of
hydrated collagen gels and inhibits gel contraction by fibroblasts. J
Cell Biol 104:1097—1103, 1987
39. WENG M, YAMANAKA N, SHIMIZU A, MASUDA Y, ISHIZAIU M,
SUGISAKI Y, MASUGI Y: Mesangial proliferation and repair of
glomerular structure (abstract in Japanese). 32nd Annual Meeting
of Japanese Society of Nephrology Abstracts, 1989, p. 271
40. PETTERSSON EE, COLVIN RB: Cold-insoluble globulin (fibronectin,
LELTS protein) in normal and diseased human glomeruli: Papain-
sensitive attachment to normal glomeruli and deposition in cres-
cents. Cliii Immunol Immunopathol 11:425—436, 1978
41. SUZUKI Y, MATSUI K, OITE T, SHIMIZU F, KODA Y, ARAKAWA M:
Localization of glomerular fibronectin in human and experimental
glomerulonephritis. Jpn J Nephrol 26:263—273, 1984
42. KIM Y, KLEPPEL MM, BUTKOWSKI R, MAUER SM, WIESLANDER
J, MICAEL AF: Differential expression of basement membrane
collagen chains in diabetic nephropathy. Am J Pathol 138:413—420,
1991
43. ROJKIND M, GIAMBRONE MA, BIEMPICA L: Collagen types in
normal and cirrhotic liver. Gastroenterology 76:710—719, 1979
